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‘ NATIONAL AFRONAUTICS AND SPACE ADMINISTRATION

TECHNICATL. MEMORANDUM X-785

. AN EXPERIMENTAL INVESTIGATION OF THE CONVECTIVE

HEAT TRANSFER TO A BLUNT LIFTING

By H. Iee Seegmiller and John O. Reller, Jr.
SUMMARY

The convective heating of a blunt lifting body with controls was measured
at a Mach number of 5 and a stream stagnation enthalpy of 160 Btu per pound in a
steady flow wind tunnel and at a Mach number of 10 and stream stagnation enthalpy
of 4000 Btu per pound in a combustion driven shock tunnel. The body was tested
at angles of attack from +6.5° to -14° and consisted of the lower half of a
blunt 30° semiapex angle cone with a flat upper section inclined 6.6° to the
cone axis. This shape is often termed the M-1 configuration. The free-stream
Reynolds numbers based on maximum body diameter were 0.72X10% in the wind tunnel
and 0.012X10€ for the shock-tunnel test. The heating distributions obtained at
the two test conditions were similar over the nose and conical surface of the
body; however, the shock-tunnel data were found to indicate somewhat lower heat-
ing on the forward areas of the flat upper surface. At both test conditions, the
data for the body at angles of attack of 0° and -14° were found to agree well
with theoretical estimates for laminar flow. Base heating was measured in the
wind tunnel and found to vary from 1 percent to about 8 percent of the body
stagnation value.

Trailing flap-type controls were tested and under some conditions evidenced
heating in excess of that at the body stagnation point. For controls mounted
aft of the flat upper surface near the outer edge of the body there were large
lateral and longitudinal variations in heating at large deflection angles. Some
evidence of intense heating of the body surface adjacent to the upper controls
at large deflection angles was also noted. Heating of the leading edge of small
triangular elevonlike controls was in reasonable agreement with theoretical
estimates for a swept cylinder, and varied from about 0.6 to 0.8 of the body
stagnation value.

i
INTRODUCTION

-

Numerous studies have shown that the use of relatively small amounts of
1ift can have significant effects on the motion and heating of vehicles entering
planetary atmospheres (e.g., refs. 1-4). Based on these studies, entry vehicles
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with lift-drag ratios as low as one-half can be attractive for many applica-
tions, particularly for manned missions. Among the suitable shapes with low
lift-drag ratio are the so-called lifting bodies. A 1lifting body having a
maximum lift-drag ratio near one-half and consisting of essentially one-half of
a blunt 30° half-angle cone was introduced by Eggers and Wong in reference 5.
This shape is often referred to as the M-1.

Since its introduction the M-1 configuration has been the subject of numer-
ous investigations (see refs. 6 to 14%). The majority have been focused on its
force and stability characteristics; however, a study of the convective heating
was begun in reference 10. The present paper contains the results of additional
studies of the heat-transfer characteristics of the configuration. The convec-
tive heating is examined at two widely different enthalpy levels and the meas-
ured results are compared with theoretical estimates. Considerable attention
is directed toward the heating of several aerodynamic controls, and exploratory
measurements of base heating at low enthalpy will also be presented.

SYMBOLS
C specific heat of model shell material
cp specific heat of air at constant pressure
Cp pressure coefficient
D body diameter
G model semigirth coordinate
h heat-transfer coefficient
H enthalpy
L control-flap length coordinate
M Mach number
a heat-transfer rate
T, body nose radius
R model base coordinate -
Re Reynolds number
St body surface distance from intersection of cone axis and )

hemispherical nose

t time S o ‘II’
M‘ *
2 -




. temperature

W control-flap width coordinate
X model longitudinal coordinate
% model lateral coordinate
Z vertical coordinate from model
é body angle of attack measured relative to upper surface
5 control deflection angle
p density of model shell material
? body coordinate in roll plane
T model local shell thickness
Subscripts
AW adiabatic wall
D ' based on maximum body diameter
EW equilibrium Wall
o reference stagnation~-point heating at o = 0°
t total distance
T stagnation conditions
W wall conditions
o free-stream conditions
2 conditions behind normal shock wave



EXPERIMENT "I'

Test Facilities

Tests were conducted in the Ames 10- by 1lb-inch supersonic wind tunnel and *
the Ames l-foot hypervelocity shock tunnel. A description of the 10~ by lhk-inch
tunnel, which is a continuous flow type, may be found in reference 15. Tunnel
conditions for the present tests were My = 5.0, Pp = 86 psia, Tp = 200° F, and »
Rep = 0.72Xx108.

The Ames 1l-foot hypervelocity shock tunnel (see ref. 16) is a combustion-
heated, shock-driven facility in which hydrogen and oxygen are ignited in a
mixture with helium to produce a large volume of high-temperature, high-pressure
gas. This gas is used to shock compress the test fluid (air), which then expands
through a nozzle to the test chamber. Nominal test conditions during the data
taking period were: M, = 10, stream total enthalpy L4000 Btu/lb, Rep = 0.012X108,
and stream velocity 13,800 ft/sec. Analysis of the stream calibration measure-
ments has indicated the possibility of small departures from chemical equilib-
rium in the nozzle flow. It is believed, however, that measured heating dis-
tributions are unaffected by these small departures from chemical equilibrium.

Models

The models and nose coordinates are shown in figure 1. The body consists
of the lower half of a blunted 300 semiapex angle cone with a flat top section
inclined 6.6° to the cone axis. Body angle of attack, a, is measured rela-
tive to this flat top surface. The modified nose contour, described by Sarabia
in reference 6, was used for the present tests. The four trailing flap-type
controls shown in figure l(a) are referred to as control set I and have an aspect
ratio of 0.6. Control set II is shown in figure 1(b) and consists of two aspect-
ratio-1.0 piteh controls and two aspect-ratio-0.6 yaw controls. Small elevonlike
controls were tested separately and are shown in figure 1(c). The twin supports
which were used for base heating and pressure measurements are sketched in
figure 1(d). These supports were attached to the body at the normal location of
the control-set-I upper flaps.

The models used for these tests were drawn from a flat type-321 stainless-
steel sheet 0.015 inch thick. The wall thickness of the completed models was
considerably less than this, however, and varied from about 0.006 inch at the
nose to about 0.010 inch at the base. -

The finished shells were fastened to a support ring with either soft
solder or spot welds. Models employing each type of construction were tested s
in the 10- by 1h-inch wind tunnel with comparable results. The flat base of
the model was cut from 0.010 inch thick type-321 stainless-steel sheet and was
insulated from the body. The controls were also insulated from the base with
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on spacers. The flap-type controls were formed of a flat type-321 stainless-
steel sheet 0.015 inch thick. The elevons were also formed from a type-321
stainless~-steel sheet which was rolled to 0.007-inch thickness before being
formed.

Instrumentation

Model skin temperature was measured with 0.005-inch-diameter copper-
constantan and iron-constantan thermocouples, Three hot-junction configurations
were employed: (a) both wires silver soldered into individual drilled holes in
the skin, (b) wires butt welded together and silver soldered to the inside skin
surface, and (c) both wires individually spot welded to the inside skin surface.
The test results showed no effect of the variations in thermocouple materials or
installation techniques. For tests in the 10- by 1lk-inch supersonic wind tunnel,
the cold Jjunctions were placed in a dielectric silicone-oil bath which was main-
tained at 32° F. Because of the short times involved in the shock-tunnel tests,
a room-temperature reference was used.

Thermocouple outputs were recorded as a function of time with a recording
oscillograph during tests in both facilities. Outputs from several thermocouples
were also monitored with oscilloscopes during the tests in the shock tunnel.
Amplifiers were used for the shock-tunnel tests to obtain the required sensi-
tivity from the fast-response galvanometer elements that were used.

Over-all instrumentation response was important for the tests in the shock
tunnel and it was checked by impressing on each channel a sawtooth signal of
proper frequency and strength to simulate a thermocouple output. The oscillo-
graph traces were found to be linear within the accuracy of measurement and the
time delay associated with the change in slope was found to be approximately 5
milliseconds. Since the transient thermal response time of the model skin
varied from 3 to 15 milliseconds, the data were evaluated at times greater than
15 milliseconds after the start of flow. System response was not checked for
the tests in the 10- by lbk-inch wind tunnel since amplifiers were not used and
the required time response of the galvanometers was well within rated perform-
ance.

Test Procedure

Data were obtained in both test facil” .ies by the use of the thin-shell
transient-temperature technique. With this technidque, the model is exposed to a
sudden change in environment and the time rate of change of the model shell tem-
perature is determined. In the shock tunnel the facility itself provided the
sudden change in conditions. In the wind tunnel a slightly different procedure
was used and two types of data were obtained, heat-storage rate and equilibrium
surface temperature. The equilibrium surface temperatures were measured first
by recording model temperatures at the desired test condition until equilibrium
‘s obtained. Heat-storage rates were then obtained with the following
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technique. Liquid nitrogen was injected in the wind-tunnel settling chamber j!‘
upstream of the supersonic nozzle. After sufficient cooling was achieved (the
temperature depression varied from 100° to 250° F) the flow of coolant was
stopped. Thermocouple output as a function of time was then recorded as the
tunnel stream warmed the model.

High-speed color motion pictures and short-time-duration still pictures X
were taken during the shock-tunnel tests and shadowgraphs were taken during tests
in the wind tunnel.

Data Reduction and Accuracy

Heat balance.- A heat balance for the model skin may be written as:

9stored = Yconvection net t 9radiation net T 9conduction net

The quantity qradiation net Wwas estimated and found to be negligible for both
test conditions. Convective heating or cooling of the interior surface was also
found to be negligible because of the very low density of the alr within the
model. Because of the difficulties involved in the instrumentation of small
models to define adequately the local skin temperature gradients, the following
procedure was devised to estimate the effects of skin conduction on the heat-
storage rates measured in the wind tunnel.

The measured heat-storage rates were plotted as a function of skin tempera-
ture beginning with coolant shut off and continuing until the temperature rise
rates diminished to a low value. If the net conduction is negligible and if the
heat-transfer coefficient and the adiabatic wall temperature are constant, a
linear relationship should be obtained between heatlng rate and model wall tem-
perature. The heat balance equation then becomes: qconvectlon = qstored' The

intercept for zero heating rate should occur at the adiabatic wall temperature
and the slope of the curve is equal in magnitude to the heat-transfer coefficient.
This result follows from the basic definition of heat-transfer coefficient in the
equation:

L 3
Qconvection

Taw - Ty

h =

Curves of this type which are representative of the upper and lower levels
of heating experienced by the wind-tunnel model are shown in figures 2 and 3.
Both heat-storage rates and heat-transfer coefficients are plotted as a function
of wall temperature for locations at the model nose and on the flat upper sur- .
face. It is seen that during the heating cycle a period of linear variation of
heat- storage rate with wall temperature (and hence constant heat-transfer coef-
ficient) does occur. Only data obtained in such periods were considered free
of conduction effects and are presented. Since the same type of model was used
in the shock tunnel where the convective heating rates are approximately two
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Qders of magnitude greater and the time scale is considerably compressed, it
as assumed that the ratio of the net conducted heat to the convected heat was
also negligible during the shock-tunnel tests.

The heat~storage rate was calculated from the relation:

. = aT
, dstored = PCT T

- where p and C are the density and specific heat of the model skin, t is the
“local skin thickness, and 4dT/dt is the temperature rise rate which was deter-

mined from the oscillograph record. The specific heat used was taken from
reference 17.

Data presentation.- The data from the shock tunnel will be presented in the
form of the dimensionless ratio of local heating to the body stagnation-point
heating which occurred at 0° angle of attack. The data from the wind tunnel will
be presented as the ratio of heat-transfer coefficients. A comparison of these
two forms of heating parameters may be made in the following manner.

From the usual definition of heat-transfer coefficient,

g
Taw = Ty

h =

a heat-transfer coefficient more applicable to higher enthalpies may be defined
as:

q
h =
Haw = By
°p

where h is based on the enthalpy potential and c¢ is evaluated at some refer-
ence condition. The ratio of local heat-transfer coefficient to the stagnation-
point heat-transfer coefficient is then:

b g (Fr- B
hy 45 \Hay - Hy
Now, since the ratio H / for the shock-tunnel tests was approximately

- 0.04 and for -HAW I~ HT it is seen that the relation may be written with small
error as:

_4 (&

h I
ho (io HAW
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Further, on the windward areas of this blunt body the ratio HT/HAW for the ’
shock=tunnel tests varies from about 1.0 on the nose and conical surface to abo
1.10 on the flat top. Therefore, in lieu of an accurate means to evaluate local
recovery enthalpies the shock-tunnel data in the form §/d, will be presented
with the wind-tunnel data in the form h/ho. The accuracy of this comparison is
believed to be sufficient for the comparative purposes of this report, that is,
approximately 10 percent. Notice that, in general, the ratio of heating rates
will be lower than the ratio of heat-transfer coefficilents. -

The wind-tunnel data in the form of heat-transfer coefficients were com-
puted from the relation: -

.

stored

Tew = Ty

h =

where Tgy 4is the measured local equilibrium wall temperature during "hot soak™
prior to cooling and Ty 1s the local instantaneous wall temperature during the
heating cycle. Measured equilibrium wall temperatures are compared with adia-
batic wall temperatures and the results for the upper and lower surface meridians
are presented in table I. The measured pressures reported in reference 6 were
used with the theory of reference 18 in this calculation of adiabatic wall tem-
peratures for the case of laminar flow at a = 0°. The comparison, in general,
shows a relatively small effect of wall conduction at equilibrium on the results
when it is recalled that the difference between equilibrium wall temperature and
local wall temperature is the factor that enters the expression for heat-transfer
coefficient. The largest conduction effects are found to occur on the flat upper
surface. Because of the low heat-transfer coefficients prevalent in this area

at small angle of attack, and the effect of the nonisothermal wall, to be dis-
cussed later, the top surface temperatures, as seen in figure 3, were higher
than those of other areas of the body during the period of data evaluation. It
is seen that temperatures as high as 80° F or 90° F are required to meet the
criteria established for data reduction. The 9° F difference between the meas-
ured equilibrium wall temperature and the calculated adiabatic wall temperature
could result in an uncertainty of approximately 14 percent in the heat-transfer
coefficient. The dashed line in figure 3(a) is shown for comparison and repre-
sents the relation necessary to establish zero heat input at the calculated
adiabatic wall temperature. Because the example just described necessarily
represents a rather extreme condition occurring on a limited portion of the body
at small angles of attack, the measured equilibrium wall temperatures were used
throughout in the reduction of data.

Accuracy.- The accuracy of the various measurements has been estimated and
the results, in general, are believed to be accurate within *15 percent. A
single exception is the data taken on the top surface of the wind=tunnel model "
at low angle of attack. These data are belleved to be somewhat less accurate as
a result of the uncertainty in equilibrium wall temperature just described and
the effect of the nonisothermal wall which will be discussed later.
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‘ RESULTS AND DISCUSSION
Body Heating

. Longitudinal heating distribution.- Before the heating distributions are
discussed, it is of interest to examine the body pressure distribution shown in
figure 4. The test data were taken from reference 6 and the dashed line repre-
sents modified Newtonian impact theory. The gbscissa is the ratio of local sur-
“face distance to the principal nose radius. Note that the longitudinal distri-
butions of body pressures are reasonably well represented by the theory with the
principal differences occurring on the aft portion of the lower meridian at
a = 0° and on the upper meridian at both angles.

The present results will be shown in the form of the ratio of local heating
to that which occurred at the stagnation point when the angle of attack was zero.
Results for the stagnation point were presented with the initial part of this
investigation which was reported in reference 10. The reference stagnation-point
heat-transfer coefficient, hg> used to normalize the wind-tunnel results is an
average of measured data obtained from several runs and is 0.0264 Btu/ft2 sec °F.
For comparison, the value 0.0269 Btu/ft2 sec °F was obtained with the theory of
reference 19. The present shock=-tunnel data were normalized with respect to the
measured stagnation-point heating rate of each individual test which varied from
about 340 to 370 Btu/ft2 sec. The value 360 Btu/ft2 sec was obtained from an
estimate using the theory of reference 19.

Results for the measurement of heat transfer to the upper and lower body
meridians are shown in figures 5 and 6. Wind-tunnel and shock-tunnel data are
shown together in figure 5 and separately with angle of attack as a parameter in
figure 6. In the theoretical calculations, the pressure coefficients presented
by Sarabia in reference 6 were used for both test conditions. The data are com-
pared with the laminar-flow theory of Lees (see ref. 20) at the nose and on the
lower meridian of the cone. The laminar-flow theories of Van Driest and of Romig
and Dore, given in references 21 and 22, respectively, were used to estimate the
heating distribution of the flat upper surface. The curve labeled three-
dimensional flow was obtained by increasing the two-dimensional result by J3.
Heating of the forward portion of the flat upper surface, which begins at
S'/ro = 0.8, is seen in figure 5(a) to decrease from a level consistent with the
prediction for three-dimensional flow to a value more characteristic of a two-
dimensional flow,

It is noted that substantial differences in the two heating distributions
jwind tunnel and shock tunnel) occurred in the upper surface region. Two effects
to be considered in this comparison are the influence of Mach number on the body
pressures and the influence of the nonisothermal wall present in the wind-tunnel
tests. The higher Mach number in the stream of the shock tunnel affects the
“conversion to pressure ratios of the pressure coefficients presented in figure 4.
Specifically, it was found that for a given pressure coefficlent the upper sur-
face pressure was considerably reduced relative to the stagnation pressure for

6 higher Mach number. In part, this difference accounts for the lower relative
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level of heating on the upper surface in the shock~tunnel tests. In this .
connection, it should be noted that the pressures obtained as just described were
used with the theory of Romig and Dore (ref. 22) to obtain the estimates shown

in figure 5(a), and reasonable agreement with experimental results was obtained.
The second factor to consider involves the nonisothermal wall existing for the
low-enthalpy heat-transfer measurements. The effect on boundary-layer develop-
ment of this departure from an isothermal wall, while trivial for the case of the .
high-enthalpy shock-tunnel tests, was of some importance for the wind-tunnel
tests. Estimates of the magnitude of this effect were made with the theory of
reference 23. The results of these estimates indicate that heat-transfer coeffi-
cients measured on the top surface of the wind-tunnel model at a = 0° may be as
much as 30 percent higher than would be expected on an isothermal model. However,
because of the various uncertainties involved in these calculations, the data
were not adjusted for this effect.

A general trend noted in the longitudinal heating distributions is the
difference in level of the two sets of data. The shock-tunnel distributions
consistently lie below the wind-tunnel data with the greatest differences occur-
ring on the surfaces least inclined to the stream. It is believed that this
result is in accordance with the previous disscussions regarding the effects of
Mach number, nonisothermal wall and the ratio of q/qo compared to h/ho.

An additional point of interest noted in the wind-tunnel data is the area
of high local heating which occurred on the upper surface of the nose. The
level of heating in this area was about 20 percent in excess of the reference
stagnation-point value. Good agreement was obtained with an estimate made with
the theory of reference 24 and is seen in figure 5(b) as the cross symbol.

Circumferential heating distribution.- The circumferential distribution of
heating at the approximate midpoint of the body is presented in figure (. An
estimated distribution is shown for a = 0° in figure T(a) and is found to lie
between the two sets of data. This distribution was obtalned by joining the
heating rate values at G/Gt = 0 and 1 used in figure 5 with an estimated vari-
atlion for a yawed cone and a swept cylinder.

Note in figure T(b) that the wind-tunnel data for o = -14° show a pro-
nounced increase in heating on the upper curved leading edge. This edge approx-
imates a portion of a swept cylinder. Despite the small radius of curvature,
however, the heating of this region dces not exceed that of the conical surface
at « = 0° which is approximately 4O percent of the reference stagnation value.

Body heating at angle of attack.- The influence of angle of attack on the
heating distribution is illustrated in figure 8. Results obtained with the
theory of reference 20 are shown for comparison with the data for the hemispher-
ical and conical surfaces, and in figure 8(a), the data for the top surface are
compared with estimates made with the theory of reference 21. It is seen that
for the upper and lower meridians, agreement with the theoretical estimates is
affected by body angle of attack. Note that the cone axis is parallel to the
stream at o = -6.6° and the top surface is parallel at o = 0°. As the body is
pitched to positive angles of attack, the theoretical prediction falls increas-
ingly below the results measured on the lower meridian, in both parts of figure
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Qnegative angles a similar trend is noted on the upper meridian in figure 8(a).

so note in figure 8(a) that heating of the upper nose area (S8'/ry = 0.10),
which was discussed with the longitudinal distributions as being greater than
that of the stagnation point, steadily increases at negative angles of attack.

- Control Heating

- Body pressure field.- To assist in the analysis of the present measure-
ments of control heating, a brief study was made of the flow fields in which the
controls operate. In particular, pitot pressures were measured in the flow
surrounding the body. These measurements were obtained from the wind-tunnel
tests at M = 5 and the results are presented in figure 9. Note in figures 9(a)
and 9(b) that the flow which passes through the normal portion of the bow shock
wave and, hence, which has low pitot pressure is confined to a thin layer between
the innermost impact tube and the conical surface. Indeed the pitot-pressure
coefficients are relatively high; for example, at o = 0° the pressure coeffi-

» cient rises to about 4.8 at this location which is only 4 percent of the body
diameter from the conical surface. This value approaches the theoretical
maximum of about 5.2 which is attained at this Mach number by flow passing
through the oblique portion of the bow shock and being isentropically compressed
to the conical body surface.

It is seen in figure 9(¢) for a = 0° +that all four pitot survey tubes
were within the shock envelope at this Mach number and recorded pressures con-
tinuously increasing away from the body. At the body surface, the data approach
the theoretical values for isentropic expansion of flow from the normal shock.
Notice that the rate of pressure increase is much higher in this region at
o = -140; in fact, the pressures are tending to the level of those measured
with the side and lower rakes.

Control set I.- Control set I consists of four flap-type controls attached
to the rear of the body with a small gap between the control and the body sur-
face. These controls, which are shown in figure 1(a), have an aspect ratio of
0.6 and were tested at deflection angles from 0° to 80°. For these controls,
heating ratios are shown in figure 10 as a function of control deflection angle.
The small triangular symbols represent locations at the aft inboard and outboard
corners of the flap and the square symbols represent shock-tunnel data obtained
at midchord near the edge. The bars on the wind-tunnel data represent the
maximum and minimum values measured on the control at other locations. The
flagged symbols in figures 10(b) and (c) are data obtained from shock-tunnel shots
made at somewhat reduced enthalpy. They are, however, considered to be compara-
ble with the data obtained at the nominal test condition.

The theoretical estimates of heating ratios for the trailing edge of the
control in the wind-tunnel tests were cobtained in the following manner. The
flow was assumed to pass through the oblique shock wave of a 36.6° half-angle
cone, to proceed isentropically to the region of the control leading edge and

¢ -— .



then to pass through the control shock wave; the control-shock-wave angles were‘
determined from the shadowgraphs. A three-dimensional laminar boundary layer

was assumed to begin at the control leading edge, and to be subjected to the
control pressure distributions which were reported in reference 6. The theoret-
ical estimates, shown in figure 10(a), are seen to lie between the two sets of
measured values for the upper control and to be somewhat below the measurements
for the lower control. The assumption of a boundary-layer origin at the control |
leading edge is believed to be the primary cause of the difference between the
theory and data as the deflection angle is increased. Crossflow effects would be
expected at the larger deflection angles with a consequent decrease in the local
Reynolds number and an increase in the heating at the trailing edge of the con-
trol. The a = 0° shock-tunnel data, seen in figure 10(b), show a continuous
increase in heating with deflection angle at the midchord position. The heating
for the trailing edge of both upper and lower controls, however, is relatively
constant at deflection angles greater than about LoC.

The data presented in figure 10(c) show that at o = -14° the upper control
heating ratios are less in the shock tunnel than in the wind tunnel. At the
higher Mach number of the shock tunnel the trailing edge of this control is “a
believed to be cutside the body shock-wave envelope. Theoretical estimates of
the heating at the flap trailing edge are shown in figure 10(c) for a = -14°.
These estimates are seen to be in fair agreement with the measured results in the
wind tunnel. No means was found, however, to predict the very high heating at
the forward edge of the control (indicated by the top of the bars) which is
immersed in a complex flow field. Shadowgraphs of the flow about the model
during the wind-tunnel tests at low enthalpy are seen in figure 11. Note the
substantial differences in the flow over the upper control at 0° and -14° angles
of attack.

An interesting result of a test in the shock tunnel indicates that the area
of high heating at the forward edge of the control may extend onto the body sur-
face. TFigure 12(a) is a self-luminous photograph of flow over the model in the
shock tunnel and figure lE(b) shows the model after test. The right-hand upper
control was deflected 78 and the left-hand upper control was deflected 63
Both controls were insulated from the model base and hence could not influence
the top surface by thermal conduction. Notice in the photograph of the model
after test the darkened oxidized areas on the top surface of the body directly
in front of the controls. Unfortunately this area was not instrumented but a
high local heating rate may certainly be inferred from the appearance of the
model surface. Test results which were presented in reference 25 also indicate
a substantial variation in the heating of the body surface in the vicinity of
the controls.

Additional heating distributions measured in the wind tunnel for control
set I are presented in figures 13 and 14. The data of these figures show that
the highest heating generally occurred at the forward thermocouple location.
Only three exceptions to this were found: the lower control at ©& = M5 for
both angles of attack, and the upper control at & = 10° for a = 0°, A point
of interest in the distributions for the upper control at o = 09, figure 13(b),
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.the substantial spanwise heating gradients. Spanwise gradients are also
displayed in the pressure data of reference 6 although at the rearmost station,
L/LT = 0.9, the pressure gradient is reversed with respect to the heating
distribution.

The longitudinal heating distributions for control set I at 0° angle of
attack are compared with theoretical predictions in figures 15 and 16. The theo~-
retical curves were computed by the same method described with figure 10. The
flow was assumed to pass through either the normal shock at the nose of the body
or the oblique shock of a 36.6° half-angle cone as noted in the figures. Note
that on the lower control (fig. 15), the longitudinal decrease in heat-transfcr
coefficients was found to be greater on the outer edge than on the inner edge.
This trend is suggestive of a crossflow component away from the model center line
which is consistent with the model geometry since at o = 0° the cone axis is
pitched 6.6°.

Control set II.- Heating distributions were measured in the wind tunnel
with control set II for o = 0° and -14°, A sketch of the model configuration
is seen in figure 1(b). Note that the gap configuration is different from that
used with control set I. A full-span open slot was obtalned by straddle mounting
the controls with extended tabs at the sides. The data, which are for © = 250
only, are in figure 17. Figure 18 is a shadowgraph of the flow at a = O°.
Note the close proximity to the body upper surface of the origin of the shock
from the upper control. The gap configuration apparently limits boundary-layer
separation at this deflection angle.

Relatively constant heating was found over the surface of these controls at
both a = 0° and -14°. The heating of the lower control decreases from about
60 percent to 30 percent of the reference stagnation value as the body is pitched
from o = 0° to =140, The data for the yaw control, figure 17(b), show an
average heating ratic of about 0.3 to 0.35 over most of the control at the two
angles of attack and about 0.4 to 0.5 at the point nearest the body. The upper
pitch control experienced approximately 1/3 of the heating of the lower control
at o = 0° and about equal heating at « = -14°. A curious spanwise heating
gradient was noted at the station L/Ly = 0.906 of the upper control at a = =-14°
(fig. 17(c)). Since the distribution on the same control was uniform at o = 0°,
it is believed that a slight twisting of the control may have occurred as a
result of the increased loads at o = =14° inasmuch as the control was supported
unsymmetrically.

Comparison of results for control set I and control set II.- Comparison of
the heating ratios for the various flap controls is seen in figure 19. The
longitudinal heating distributions measured in the wind tunnel are compared
-with estimates for three-dimensional laminar flow. The method used in making
these estimates was described with figure 10. Flap pressures used for the esti-
mates were the wind-tunnel measurements for comtrol set I reported in reference 6.

~

Substantial differences in heating are noted between the two upper control
configurations. The heat-transfer coefficients for the larger center control are
roughly 1/2 those obtained on the outboard, lower aspect-ratio control.

® >
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o
(Comparison of results in figs. 14(b) and 17(e) shows that this is also true a
a = -149,) The deflection angles were not exactly the same, 25° as compared t

309, but the primary cause of the difference is believed to be spanwise varia-
tions in the flow approaching the controls. The spanwise heating variations
found on the upper control of set I (seen in figs. 13(b) and 14(b)) would
further support this view. Note in figure 19(b) the similarity in the heating
level of the two lower controls which are immersed in the coniecal flow from the
body. The differences in heating between the lower and yaw control are attrib-
uted to the fact that this body attitude, a = OO, requires the cone axis to be
pitched 6.6°.

In view of the differences between the upper controls which may be largely
due to their location with respect to the nonuniform flow field generated by the
forebody, and the lack of difference in the two lower controls, which may be
associated with the small deflection angle used in the test, it is believed that
conclusions regarding the effects of flap aspect ratio and gap configuration must
await a more extensive investigation.

Elevons.- Small elevonlike controls, tested in the 10~ by 1li-inch wind
tunnel, are sketched in figure 1(c). Representative heating ratios measured on
the leading edge and on the upper and lower surfaces of these controls are shown
in figures 20 and 21. Heating of the leading edge is seen to vary from about
0.6 to 0.8 of the reference stagnation value and heating ratios for the upper and
lower surfaces are in the range from 0.1 to about 0.4. In figure 20 the leading-
edge heating is compared with estimates obtained with the ideal-gas swept-
cylinder theory of reference 26. Theoretical estimates are shown for three types
of flow. For two of the estimates a Prandtl-Meyer expansion was assumed to origi-
nate at the rear edge of the body and to continue until the resulting Mach line
and the leading edge of the elevon were coincident; the leading edge of the
elevon was considered to be a swept cylinder in the resulting flow field to
obtain the estimated heat-transfer coefficients. In one estimate the conditions
at the rear edge of the forebody were for a normal forebody shock and in the
other for an oblique shock. The leading-edge data are somewhat below the theo-
retical value obtained assuming normal shock total head for the unpitched cone
(o = -6.69) and exhibit a nearly symmetrical increase in heating with cone pitch
angle. For the upper and lower elevon surfaces the trend of the data is as
expected: the lower surface heating increases with nose-up body pitch angle and
the upper surface heating decreases. Although the lower surface data are some-
what erratic, approximately equal heating of the upper and lower surfaces did
occur when the cone axis was alined with the free stream (a = -6.6°).

FElevon heating as a function of deflection angle at three angles of attack
is presented in figure 21. The relative insensitivity of the leading-edge heat-
ing to control deflection angle may be indicative of heat conduction in the ele-
von skin. Estimates of the magnitude of this effect, however, yielded an
estimated error of less than 10 percent.

Base heating.- Base-heating measurements of an exploratory nature were made
in the present investigation. Heat-transfer coefficients obtained for the base
of the wind-tunnel model are presented in figure 22. Two models were used for
these tests. The first, sketched in figure 1(d), was supported by a dual sti:i

attached to the model at the location of the upper controls and the second wa

1 <.
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.uPported in the conventional manner with a single central sting. The data
btained with the top supported model, figures 22(a), (b), and (c), exhibit a
marked decrease in heating from the edge of the base to the center. This distri-
bution as seen in figure 22(a) is symmetrical with the lower flaps removed and
varies from about 4 percent to 1 percent of the reference stagnation-point value.
Considerable asymmetry in the heating distribution occurred with the lower con-
trols undeflected (fig. 22(b)). It is believed that this asymmetry may have
resulted from a nonexact alinement of the small controls with the surface of the
body. In figure 22(c) it is seen that heating ratios of approximately 8 percent
were measured near the edge of the base. The data of the sting supported model
(fig. 22(d)) suggest relatively uniform base heating, but for the three locations
at which measurements were made with both support systems, the heating ratios are
the same as in figure 22(b). It should be noted that the same dual support
system as in the present tests was used for the measurement of base pressures
(ref. 6). These measurements showed rather constant pressures over the base, in
contrast to the present measurements which show a significant decrease in heating
toward the base center. It is indicated, therefore, that the observed variations
in heating are not due to variations in pressure but to some other phenomenon.

CONCLUDING REMARKS

The aerodynamic heating of a blunt lifting body with controls has been
investigated experimentally. Measurements were made at a Mach number of 5 and a
stream stagnation enthalpy of 160 Btu/lb in & steady-flow wind tunnel and at a
Mach number of 10 and a stream stagnation enthalpy of 4000 Btu/lb in a combustion-
driven shock tunnel. The stream Reynolds numbers based on body diameter were
0.72x10° and 0.012x10°, respectively. Results were obtained for angles of attack
from +6.5° to -14° and for three control configurations. Analysis of the results
has shown the following:

1. Heating distributions measured on the nose and conical surfaces of the
body were similar at the two enthalpy levels and could be predicted by theory.

2. Heating distributions measured in the two facilities on the flat upper
surface were dissimilar. The data for higher Mach number and enthalpy from the
shock tunnel indicated somewhat lower heating relative to the stagnation point.

3. Control surfaces extending into the flow field genersted by the blunt
asymmetrical forebody shape encounter a local stream of relatively high total
head. At large deflection angles the controls are subjected to heating consid-
erably in excess of that at the stagnation point of the body. There was some
indication that the heating of adjacent areas of the body also was high.

i, Heating of the upper flap controls depended on their lateral location
on the body. The center-mounted control received approximately one half of the

* heating experienced by outboard mounted controls.

® - — >



5. Heating of the leading edge of small elevonlike controls mounted at the

rear of the body was approximately 70 percent of body stagnation heating and was.
in general agreement with swept-cylinder theory.

6. Wind-tunnel measurements of base heating reveal a pronounced increase in
heating at the outer edge of the base relative to that at the center. This is in
contrast to pressure measurements which show essentially uniform base pressures.

Ames Research Center
National Aeronautics and Space Administration N
Moffett Field, Calif., Nov. 12, 1962
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TABLE I.- COMPARISON OF MEASURED EQUILIBRIUM WALL TEMPERATURE AND

THEORETICAL ADIABATIC WALL TEMPERATURES

a = Q°
8! Trw» °F Taws °F
To (measured) (ref. 18)
Upper surface meridian
1.875 150 1o
1.372 152 143
.873 156 143
Jos 178 178
.104 188 197
Lower surface meridian
.187 197 199
-573 193 192
1.025 191 7T
2.194 173 17k
3-352 180 176
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O Wind tunnel, h/h,

® Shock tunnel, q/qo Q
6 :

— — Theory Gy ¢
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=
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| I | |
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Circumferential distance, G/G;

(a) a = o°

Figure 7.~ Circumferential heating distributions at X/X,t = 0.45 for three
angles of attack.
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Heating ratios, h/h, or
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< O  Wind tunnel, h/h,
L 4 B Shock tunnel, 4/4,
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Circumferential distance, G/Gt
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Figure T.- Concluded.
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(a) Wind tunnel.

Figure 8.- Variation of body heating with angle of attack.

- -




Heating ratio, 4/q,
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(b) Shock tunnel.

Figure 8.- Concluded.
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Pressure coefficient, Cp
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(a) Lower rake.

Figure 9.- Body total-pressure field (wind tunnel).




Pressure coefficient, Cp
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Figure 9.~ Continued.
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Pressure coefficient, Cp
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Distance from model, Z/D

(c) Upper rake.

Figure 9.- Concluded.
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A-30113-1

(a) Upper comtrols © = 60°; lower comtrols & = 30°; o =4©

A-30113-2

(b) Upper controls & = 45° and 60°; lower controls o = 10° and 30°; a = -14°.

Figure 11.- Shadowgraphs of flow about the wind-tunnel model with control set.
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A-30113-3

(a) Self-luminous photograph of flow; upper controls © = T78° and 63°; lower
controls ® = 0° and 21°; a« = -0.75°.

A-30113-4

(b) Model condition after test.

‘ Figure 12.- Photographs of shock-tunnel test model with control set I.
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(a) Lower control.

Figure 13.- Spanwise heating distributions for several deflection angles of
control set I measured in the wind tunnel at a = 0°. .
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Figure 13.- Concluded.

el

bt



14 —
L/L,
o .250
O 625
12 |- O 925
IO (9
—0 5
—0 3 5=60°
< o= —o o
.2 o
S “} 3=a5°
e 6 \C .
£
I
—0
4 —
D } 8 =30°
oo Ja} 5=10
O =10°
9= —> 5
1 1 1 | 1 j
0 2 4 6 8 10 12

Distance from inboard edge, W/W;

(a) Lower control.

Figure 1k.- Spanwise heating distributions for several deflection angles of
control set I measured in the wind tunnel at o = -14°,
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Figure 1h4.- Concluded.
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Figure 15.- Longitudinal heating distributions for several deflgction angles of
the lower flap of control set I measured at a = O .
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Figure 15.- Concluded.
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Figure 16.- Longitudinal heating distributions for several deflection angles of

52

the upper flap of control set I measured at o = 0°. -
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Figure 16.- Concluded.

P -

53



Heating ratio, h/h,

—  L/Ly
o .250
o .625
<O 906
.0
8
a=0°
6 L 4
0]
4
<§ﬁ7 ¢ _sé---=:::::::::; a =-14°
—
2
I I I ] |
0 .2 4 6 .8 1.0

Distance from edge, W/ W;

(a) Lower control

Figure 17.- Spanwise heating distributions for control set II at a deflection
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angle of 25° measured in the wind tunnel at o« = 0° and -14°.
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Figure 17.- Continued.
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Figure 17.- Concluded.
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Figure 19.- Heating ratios for control sets I and IT measured in the wind tunnel
at o = 0°.
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igure 20.- Variation of heating ratios with angle of attack for the undeflected
elevon (wind tunnel).
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Figure 21.~ Variation of elevon heating ratios with deflection angle (wind
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tunnel) . ‘




Heating ratio, h/h,

Heating ratio, h/h,

o
5

Q
(V]

06

o
»
o

[

| |

5 1.0
Radial distance, R/Rf

(a) a = 4°, lower controls off (top support).

Supports

¢ ¢
) (0
a 30°
<O 60°
A 9Q°
| |
5 1.0

Radial distance, R/R;

(b) o =1° & = 0° (top support).

Figure 22.~ Base heating distributions for various angles of attack and deflec-

tion angles of control set I (wind tunnel).
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Figure 22.- Concluded. .
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